The varied endocrine changes during human pregnancy have been intensively studied (1) . The significant role of the placenta in these changes is evident from its demonstrated production of chorionic gonadotropin (2) , estrogens (3) and progesterone (4) . In addition, the demonstration of other hormones [corticosteroids (5, 6) , corticotropin (7) (8) (9) , androgens (10), relaxin (11) , aldosterone (12) ] in extracts of placental tissue has suggested still further endocrine functions of the placenta. However, three broad-areas remain unclarified: a) What hormones are produced by the placenta, b) what are the metabolic pathways for such hormone production, and c) what is the interaction of placental hormones with maternal and fetal hormones and their joint contribution to the metabolic changes of pregnancy. Such basic information may have direct application to hormonal metabolism unassociated with pregnancy and also may be of clinical value in the management of disorders of pregnancy.
Organ perfusion has been a rewarding approach to the study of the metabolic functions of endocrine glands, as exemplified by the studies of Hechter and co-workers (13) with perfusion of beef adrenal glands. The extension of this general technique to the human placenta seemed to offer a promising approach to the solution of the problems outlined above. Perfusion of the whole placenta appears to be a more nearly physiologic approach to metabolic and synthetic activities of the placenta than does the study of homogenates, slices and perfused isolated cotyledons. Accordingly, we have undertaken a study of the perfusion of 1 Supported by grants from the Milton Fund of Harvard University, the United States Public Health Service (RG4802), and the Massachusetts Heart Association. 2 A preliminary abstract was published in The Journal of Clinical Investigation, 1957, 36, 932. whole human placentas obtained immediately after full term delivery.
The normal full term placenta presents histologic (14) and metabolic (15) evidence of senescence. Therefore, it was important to demonstrate evidence of metabolic activity of the term placenta under the conditions of perfusion. Villee and Hagerman (16) have demonstrated the functional activity of enzymes of the citric acid cycle in homogenates of human term placenta; accordingly citrate utilization and alpha-ketoglutarate production by the perfused placenta were selected as parameters of continuing placental metabolic activity. The purpose of this paper is twofold: 1) to report that metabolic activity of the intact term placenta persists for at least nine hours after delivery under our conditions of perfusion and 2) to report the effect on this metabolic activity of addition of hormones to the perfusion fluid. A new action of human chorionic gonadotropin is described.
. MATERIALS AND METHODS Human placentas from normal term pregnancies were obtained two to seven minutes after vaginal delivery of the infant. The placentas were immersed in ice cold physiologic saline solution for transport to the laboratory. There the membranes were removed, the surfaces of the placenta were washed free of clots, and the organ was weighed. In preparation for the perfusion, the umbilical vein was catheterized and the larger arteries of the fetal surface of the placenta were incised. The organ was then placed in the perfusion system. The time from delivery of the baby to the beginning of perfusion did not exceed 30 minutes. The perfusion apparatus was similar to that described by Young, Prudden and Stirman (17) TI ME-HOUR S per cent oxygen and 5 per cent carbon dioxide. The pH was maintained at 7.4 and the temperature at 37 to 380 C. An initial 20 minute perfusion was performed with one liter of standard solution to remove blood from the vascular spaces and to bring the placenta to the desired temperature. This perfusate was discarded and the' system recharged with a liter of fresh perfusing fluid. Thereafter, at hourly intervals the system was drained of fluid and recharged with a liter of fresh fluid. The perfusate was recycled at an average rate of flow of 150 to 200 ml. per minute. Perfusions were carried out for eight hours. Changes in perfusing fluid volume and placenta weight were noted after each hourly run. Ten ml. aliquots of perfusate were removed for assay from the system five minutes after the start and again at the completion of each run. The aliquots were frozen and kept at -10 to -200 C. until analyzed. Citrate was determined by the method of Natelson, Pincus and Lugovoy (18) and total alpha-keto acids (calculated as alphaketo glutaric acid) by the method of Friedemann and Haugen (19) . Analyses were done in duplicate. parison of analyses of fresh samples with those stored in the frozen state showed no significant change. The hourly change in circulating citrate and alpha-keto acid was determined from the difference between the amounts circulating five minutes after the start of the run and at the end of the hour.
RESULTS
The effect of addition of hormones to the perfusing fluid was studied in four groups of three placentas each: 1) standard solution, 2) added estradiol, 3) added HCG, and 4) added estradiol plus HCG. Figure 1 indicates the hourly citrate utilization for each treatment group. Figure 2 indicates the hourly production of alpha-keto acid. Each curve is plotted from the means of results from three placental perfusions. The observed values are included in Tables I and II . Since the residual error term for each measurement was of similar magnitude in the different treatments,' combined analyses of the citrate and alpha-keto acid values, respectively, were done by the splitplot method (21) . Major portions of the analysis are presented in Table III . To test the significance of differences between mean values for each treatment the mean square error term of line 2 of 4 Bartlett's test for heterogeneity of variance (20) When estradiol was added to the perfusion fluid there was no significant change in the amount or the pattern of citrate utilization during the eight hours of perfusion. The mean citrate utilization per hour per placenta was 119 mg. in the estradioltreated group of three placentas. The accumulation of alpha-keto acid in the estradiol-treated group was similar to the control group and showed a similar tendency to decrease with the passage of time. The mean accumulation was 3.45 mg. per hour per gland.
In the perfusions performed with added HCG, the mean citrate utilization was 124 mg. per hour per gland, not significantly different from that of the two previous treatment groups. However, in contrast to the more uniform pattern of citrate utilization in the control and estradiol-treated groups there were significant (p < 0.01) hour to hour variations in the HCG-treated group without any definite trend. The citrate utilization during the eighth hour of perfusion with fluid containing HCG showed significant increase over the corresponding value for the control group (p < 0.05). The pattern of alpha-keto acid production in the gonadotropin group was similar to that of the A number of control experiments were performed to exclude the possibility of artifacts as the cause of the foregoing observations. To test whether citrate utilization and alpha-keto acid accumulation were the result of nonspecific changes in the perfusion fluid, 10 ml. aliquots of standard perfusing fluid which had been perfused through the placenta in the routine fashion were incubated in a shaking water bath at 370 C. and in an atmosphere of 100 per cent oxygen for 55 minutes. Under these conditions, the concentrations of citrate and alpha-keto acid in the perfusate showed no significant or consistent change in contrast to the changes already noted during the actual placental perfusion. The average hourly change in citrate concentration during the reincubation was + 0.6 per cent with a range of -7 to + 7 per cent. Similarly, the average hourly change in alphaketo acid concentration during the reincubation was -0.7 per cent.
As an index of cellular damage during perfusion the changes in circulating potassium concentration during each hourly run were recorded in six perfusions (Table IV) centration in the perfusate was not affected by the presence or absence of hormones. In Figure 3 are depicted the average net hourly changes of circu-, lating potassium. In the first hour of perfusion the potassium concentration tended to increase, possibly due to hemolysis of blood retained in the placenta. During the next four hours of perfusion there was a small hourly decrease in perfusate. potassium followed by a slight hourly increase during the last hours. Fluoroacetate (1 mM per L.) was added to the perfusing fluid in three additional experiments (Table V) . The mean values of citrate utilization were: 54 mg. for the placenta perfused with standard solution containing fluoroacetate, and 78 and 70 mg., respectively, for the two placentas perfused with standard solution containing estradiol, HCG and fluoroacetate. Using the error term of line 2, Table III, the difference between mean values observed among three placentas and one placenta, respectively, would have a standard error of 42 mg. The difference between mean values observed among three placentas and two placentas, respectively, would have a standard error of 33 mg. Thus, although the standard solution plus fluoroacetate-treated gland had one-half the citrate utilization of the corresponding group perfused without fluoroacetate, the difference was not significant (p > 0.10).5 However, in the gland perfused with standard solution containing estradiol and HCG, the added fluoracetate completely blocked the stimulation of citrate utilization produced by these hormones (p < 0.001) (Figure 4 ). These p values are based on onesided t tests.
The perfusate was cultured and showed no significant bacterial contamination. DISCUSSION These experiments demonstrate that placental metabolic activity is present for at least eight hours of perfusion of the intact gland and that this activity can be enhanced and inhibited. The response to added estradiol is not the same as noted in placental homogenates. A previously undescribed action of HCG is noted. This demonstration of a metabolically responsive gland under our conditions of perfusion establishes a firm basis for further study of the metabolic and endocrine functions of the placenta by this perfusion technique.
Fluoroacetate was used to afford additional evidence that the citrate disappearance was due to a metabolic process. Fluoroacetate, after conversion to fluorocitrate, inhibits the enzyme aconitase (22) and thus interrupts the Krebs cycle. The marked reduction of placental citrate utilization noted here in the presence of fluoroacetate indicates that such a metabolic pathway is indeed involved in the observed citrate disappearance. The failure of the added fluoroacetate to block citrate disappearance completely may have been due to failure to select an optimal concentration of fluoroacetate or to the fact that a small but constant disappearance of citrate was due to increasing volume of distribution during the hours of perfusion. The absence of significant weight gain by the placenta suggested that such minor distribution changes, if any, did not involve gross edema formation.
To provide an index of the degree of cellular damage and alteration in cell membrane permeability during the perfusion period, the circulating potassium concentration was determined. The relative constancy of the potassium concentration did not indicate any major shifts of potassium from the intracellular fluid. This suggested maintenance of cellular integrity during the perfusion.
Moreover, failure to demonstrate changes in citrate and alpha-keto acid concentrations after reincubation of the perfused fluid indicated the absence of appropriate enzymes and cofactors for citrate metabolism ini the extracellular fluid. This latter observation is in contrast to the findings of Levitz, Condon and Dancis (23) who demonstrated that after perfusion through an isolated cotyledon of human placenta, plasma gained the capacity to interconvert estradiol and estrone. (24) (25) (26) (27) have studied the effect of estradiol-17,8 on Krebs cycle activity of human placental tissue. In a particulate-free cytoplasmic preparation this estrogen effect was manifested by increased citrate utilization and alpha-ketoglutarate production.6 Such an estrogen effect was not demonstrated in the placenta perfusion system as here studied. Cellular permeability to estrogen may be a factor which is responsible for the discrepancy.
However, marked stimulation of citrate utilization occurred when both estradiol and HCG were added to the perfusing fluid. The ability of fluoroacetate to block completely this effect afforded confirmation that the response to hormones was a metabolic process. To a lesser degree the addition of HCG alone to the perfused placenta appeared to have an effect on citrate metabolism as judged by a significant increase of citrate utilization in the final hour of perfusion. These results are the first demonstration of such an action of HCG.
The mechanism of HCG action here is not known. A possible explanation may be that HCG increases permeability of the cell membrane to estrogen. Other loci of action of HCG might be in affecting estrogen interconversions or as a cofactor in the enzymatic reaction stimulated by estradiol. Studies on the effect of HCG on androgen secretion by the testis (29) suggest that HCG activates an enzyme system related to the biosynthesis of androgens.
Of interest is the definite lag period of five hours before the effect of combined estradiol and HCG was noted and the even longer lag period before the smaller effect of HCG alone took place. Recently Pincus reported on a several hour lag period for the effects of gonadotropin on steroidogenesis by the perfused placenta (30) . The lag period would appear to be related to the mechanism of action of the hormones rather than to a nonspecific effect such as decrease of cellular integrity as the perfusion progresses. The data on circulating potassium concentration and perfusate reincubation appear to support the former hypothesis.
6Talalay and Williams-Ashman have recently shown (28) that the steroid activates a transhydrogenase system, thus leading to the effects noted.
In our studies, alpha-keto acid accumulation was not only relatively small, but also decreased with time and showed no increase even with increased citrate utilization. This discrepancy may in part be ascribed to the lack of actual identification of the measured alpha-keto acid as alpha-keto glutarate in this study. Another explanation is that in the intact placenta the metabolic conversions of alpha-keto glutarate to glutamic acid by the transaminase and glutamic acid dehydrogenase reactions and to succinic acid by oxidative decarboxylation may not be rate limiting. The persistence of these metabolic processes in the perfused gland would thus not allow an accumulation of alpha-keto glutarate proportional to citrate utilization as noted in purified placental homogenate. The decreasing alpha-keto acid accumulation of the perfused placenta despite much larger citrate utilization may, therefore, be further evidence of continuing and widespread metabolic activity.
SUMMARY
Perfusion of the intact human placenta was undertaken to provide data concerning endocrine functions of the placenta. The presence of citrate metabolism through the eight hour perfusion confirmed the viability of the placenta when studied in this fashion.
When human chorionic gonadotropin (HCG) plus estradiol-17ft were added to the perfusion fluid citrate utilization was enhanced after a five hour lag period. The addition of HCG alone appeared to stimulate citrate utilization to a lesser degree and after a longer lag period. Estradiol alone had no effect. Citrate utilization was inhibited by the addition of fluoroacetate and the response to hormonal stimulation completely blocked.
The mechanism of action of this previously undescribed effect of HCG is not known.
The differences between metabolic processes of the intact placenta and purified preparations are discussed.
